In most hermaphroditic fish, the sexual phase of the gonad responds to external stimuli so that only one sex remains functional while the other sex becomes dormant. However, protandrous black porgy are male during their first two reproductive cycles. Estradiol (E2)-induced female growth results in a transient and immature female, and the sexual phase reverts from female to male after E2 is withdrawn. Conversely, excising the testis results in a precocious female when performed during the second reproductive cycle. We used these characteristics to study epigenetic modifications of cyp19a1a promoter in black porgy. Our results showed that higher levels of gonadotropins receptors were observed in testis than in ovary during the alteration of sexual phase from induced femaleness to maleness, and hCG treatment did not stimulate ovarian gene expression in male (1-yr-old maleness) and female phase (testis excision-induced femaleness) fish. The cyp19a1a promoter exhibited tissue-and lineage-specific methylation patterns. The follicle cells in the ovary had a hypomethylated (0%-20%) cyp19a1a promoter region. In the ovary, the first sign of female phase decision was decreased methylation levels and increased numbers of hypomethylated clones of cyp19a1a promoter during the natural sex change process. Similar methylation patterns were observed in the testis-removed ovary 1 mo after surgery, with no histological difference between the sham and the testis-removed fish. Conversely, there was no increase in methylation levels of cyp19a1a promoter in E2-fed fish. These results suggest that in the digonic gonad of black porgy, the testis is the primary tissue that affects epigenetics of the ovary.
INTRODUCTION
Most clades of vertebrates are gonochoristic as opposed to hermaphroditic [1] . However, approximately 6% of teleosts are hermaphroditic fish [2] . Most hermaphroditic fish develop through a sequence of three primary forms (protogyny, femaleto-male sex change; protandry, male-to-female sex change; and serial bidirectional sex change) [3] . In the protandrous wrasse, protogynous anemone fish, and some bidirectional sex change goby (genera Gobiodon and Paragoniodon), the timing of the sex change is determined by social cues (relative body size within the population) [3, 4] . Conversely, in most sequential sex change fish, the sex changes are regulated by age or body size [3] . In the protogynous grouper [5, 6] and protandrous black porgy [7] , the chemical-stimulated secondary sex (the male in grouper and female in black porgy) is transient, and a reversible sex change occurs after chemical treatment is withdrawn. These data demonstrate that in some sequential sex change fish, the sexual phase is tightly regulated by the size (grouper) or age (black porgy) of the fish. Although the sizeadvantage hypothesis is widely used to explain the timing of sex changes in hermaphroditic fish [8] , the mechanisms that control the timing of sex changes remain unknown.
The brain-pituitary-gonad axis is widely thought to regulate puberty in vertebrates. Gonadotropin-releasing hormones (Gnrhs) stimulate the production and release of gonadotropins (Gths), including luteinizing hormone (Lh) and folliclestimulating hormone (Fsh), from the pituitary in teleosts and all other vertebrates [9] . In hermaphroditic fish, sexual fate alternation can be induced by exogenous Gnrh or Gths in species, including the protogynous bluehead wrasse (by human chorionic gonadotropin [hCG] ) [10] , the protogynous honeycomb grouper (by recombinant Fsh [rFsh]) [11] , the protandrous rice field eel (by salmon Gnrh [sGnrh] and recombinant Lh [rLh]) [12, 13] , and the swamp eel (by sGnrh) [14] . Conversely, the sexual phase was not altered by exogenous Gnrh or Gths in the protogynous honeycomb grouper (rLh) [11] , the protandrous rice field eel (by luteinizing hormonereleasing hormone [LHRH]) [13] , or the protandrous black porgy (by LHRH and hCG) [15, 16] . These data indicate that the role of the Gnrh system (Gnrhs and Gths) is highly diversified in hermaphroditic fish. Furthermore, the expression pattern of the lh beta subunit (lhb) and the fsh beta subunit (fshb) are distinctly different between the sexes in the protogynous wrasse [17] . In the protandrous gilthead seabream, the expression patterns of gthrs are dimorphic in the digonic gonad, with the testis showing higher levels of folliclestimulating hormone receptor (fshr) expression and the ovary showing higher levels of luteinizing hormone/chorionic gonadotropin receptor (lhcgr) expression [18] . In gobiid fish (bidirectional sex change), sexual phase alternation is mediated by the expression of gonadotropin receptors (gthrs) in the active gonad, which expresses high levels of gthrs [19] . Thus, in hermaphroditic fish, in addition to a bidirectional signal from the brain-pituitary-gonad axis, reciprocal cross talk between the sex tissues also plays an important role during sexual phase alternations.
Epigenetic changes (including DNA methylation, histone modification, and noncoding RNAs) form barriers that ensure that cell type specification is a one-way street. These epigenetic modifications are stable and heritable through mitosis, which allows lineage-specific transcription profiles to be maintained over many cell divisions [20] . DNA methylation is common in eukaryotes, and it plays a pivotal role in gonadal differentiation in vertebrates, including mammals [20] , birds [21] , reptiles [22] , and fish [23] . In the tongue sole fish, the DNA methylation profiles of the sex chromosome are heritable and passed to the next generation [24] . Furthermore, female European eels from contaminated rivers had hypermethylated cyp19a and fshr promoter regions and demonstrated insufficient oocyte development during artificially induced maturation when they were compared to eels obtained from a normal river [25] . Thus, DNA methylation occurs as a regulatory mechanism in gonadal development in fish [26] .
To study epigenetic modifications that affect sexual phase alternation in hermaphroditic fish, we selected the protandrous black porgy (Acanthopagrus schlegelii) as our experimental animal. This digonic species has a testis and an ovary that are separated by connective tissue and display stable sex change adaptation. During the first two reproductive cycles, all fish undergo male functions during the spawning season [27] . Moreover, no fish enters the secondary oocyte stage (vitellogenic oocytes) during their first two reproductive cycles [28] . Over the long-term (e.g., from the nonspawning season to the prespawning season), treating fish younger than 2 yr old (,2-yr-old) with estradiol (E2) results in a female but blocks the fish from entering the vitellogenic oocyte stage, and a reversible sex change (female-to-male) can occur following E2 withdrawal [29] [30] [31] . Conversely, a precocious female with vitellogenic oocytes developed after the testes were removed from ,2-yr-old fish [30, 32] . Thus, we used this unique characteristic of this species of fish to study Gths signaling and the local regulation of the gonads by epigenetic modifications (e.g., DNA methylation patterns at the cyp19a1a promoter) during sexual phase decisions in the ovary across three different sexual phases in ,2-yr-old fish. These phases included maleness (the maintenance of male function), E2-induced femaleness (the E2-mediated induction of transient female with primary oocyctes and its reversal after E2 withdrawal), and testis-removed femaleness (a male-to-female sex change with vitellogenic or mature oocytes).
Our experimental data indicate that sexual phase alternation was regulated by gonadotropins in the testis but not in the ovary, and hCG did not stimulate ovarian gene expression in the male phase (1-yr-old maleness) fish and the female phase (testis removal-induced femaleness) fish. Lower levels of methylation at the cyp19a1a promoter in the ovary were correlated with natural sex change. At 1 mo after surgery, decreased methylation levels were observed in the ovaries of fish whose testes were removed. There were no histological differences between the sham fish and the testis-removed fish (at 1 mo after surgery). Taken together, our data demonstrated that in addition to a bidirectional signal from the brainpituitary-testis axis that regulates temporal effects, there is reciprocal cross talk between both sex tissues that regulate spatial effects, from the testis to the ovary. Finally we show that the modifications to the DNA methylation of the ovarian cyp19a1a promoter play an important role during sexual phase alternation.
MATERIALS AND METHODS

Animals
The experimental fish were acclimated in seawater in a 2.5 ton FRP tank environment with a natural lighting system at the National Taiwan Ocean University culture station. Water temperatures ranged from 198C to 268C. All procedures and investigations were approved by the National Taiwan Ocean University Institutional Animal Care and Use Committee and were performed in accordance with standard guiding principles.
Experimental Design
Black porgy have a stable male phase in the first two reproductive cycles. According to this unique characteristic, we performed four different experiments to study epigenetic modifications during sexual decisions: 1) maleness, 2) femaleness resulting from testis excision, and 3) femaleness induced by E2 administration (Fig. 1) .
Experiment 1: Testis removal induced femaleness. To examine the relationship between ovarian growth and the presence or absence of a testis, we surgically removed the testicular part of the digonic gonad and then chip labeled the fish to determine their sexual phase (maleness or femaleness) during the second spawning season. In .1-yr-old fish, testis excision (n ¼ 20) was performed during surgery on 24 April (status 6, postspawning season), and the chip-labeled fish were raised under natural light and temperature conditions until the second spawning season. In the sham fish (n ¼ 24), the surgery was performed, but the testicular part of the digonic gonad was not removed. The gonads were collected in May (1 mo after surgery, including 10 sham fish at status 6, and seven testis-removed fish at status 6), September (5 mo after surgery, including five sham fish at status 7 and seven testis-removed fish at status 7), and December (8 mo after surgery; five sham fish at status 4 and three testis-removed fish at status 9) for histological and genetic analyses. In January (9 mo after surgery), the sham fish (n ¼ 4) and the testis-removed fish (n ¼ 3) were observed to enter a male state (status 5) or a female state (status 10), respectively. The Lh levels were analyzed in the plasma of these fish (four with maleness and three with femaleness).
Experiment 2: the effect of hCG at different sexual phases on the ovary. To investigate the relationship between gonadotropins and the presence of testicular tissue, we injected hCG into the fish and determined its effects on the ovaries in digonic gonads (maleness) and testis-removed ovaries (femaleness). Surgeries were performed in August, when the gonads were at status 7. One month after surgery (September, when both groups were at status 7), the fish (n ¼ 8) were treated with hCG (1 IU/g body weight) using an intraperitoneal injection on Days 0, 3, and 6, and the gonads were collected on Day 7. The control fish (n ¼ 8) were treated with saline buffer. The gonads were collected for histological and genetic analyses.
Experiment 3: natural sex change. In the third reproductive cycle (.2-yrold fish), approximately half of the individuals altered their sexual phase from male to female [27] . To determine the relationship between methylation patterns at the cyp19a1a promoter and cyp19a1a gene expression, we performed unilateral orchiectomies to collect one of the bilateral gonads at status 7 (from July to September, n ¼ 39) in .2-yr-old fish and then chip labeled the fish to determine their sexual phase (maleness or femaleness) in their third reproductive cycle. Thus, the sexual phase of each individual was first identified at status 7 during the nonspawning season (July to September). The gonads were collected in July (two males and nine females), August (seven males and nine females), and September (six males and six females) for histological and genetic analyses.
Experiment 4: E2-induced femaleness. During the first two reproductive cycles, a reversible sex change can be induced by E2, resulting in an E2-induced female. The gonad then reverts from E2-induced femaleness (a dominant ovary with a regressed testis) to maleness (a regenerated testis with a regressed ovary) following the last E2 treatment [29] [30] [31] . To evaluate the effects of E2, fish (.1-yr-old) were fed a diet containing E2 (6 mg/kg feed) beginning at status 6 (May) and continuing for 3 mo, when the fish were at status 7 (Aug). The gonads (n ¼ 8) were collected at the end of E2 administration for histological and genetic analyses.
Gonadal Histology
The gonads from all fish were histologically examined. The gonads were fixed with 4% paraformaldehyde. The gonadal section (5-lm thickness) was rehydrated and hematoxylin and eosin stained. The gonadal status of the digonic gonads was determined as previously described (Fig. 1). WU ET AL.
Preparation of Ovarian Cells and Cell Selection
The method of cell dispersion was modified from a testicular cell preparation reported in the rainbow trout [33] . Ovaries (about 0.2-0.5 g) were collected from .2-yr-old black porgy at status 7, when the oocyte is in the primary oocyte stage. The ovaries were dissociated using 0.36% trypsin (pH 8.2, 5% fetal bovine serum) at 108C with gentle pipetting. The incubation time (2-3 h) was optimized by tissue-handling conditions (60 times pipetting after 30 min incubation). Dispersed ovarian cells were filtered through 70-and 40-lm pore size nylon screens to eliminate the large cell clumps and large oocytes. Filtered ovarian cells were washed with serum-free Leibovitz L-15 medium, and the cells were seeded in six-well plates containing 2 ml of culture medium (L-15 medium with 5% fetal bovine serum, 50 U/ml penicillin, and 50 lg/ml streptomycin). Based on the difference in adhesive ability of the somatic cells and oocytes, dispersed cells were incubated in wells overnight and then divided into two groups, adhesive cells and suspension cells. The cell types were confirmed by gene expression for a germ line marker (vasa), oocyte marker (figla), and follicle cell marker (foxl2 and cyp19a1a).
RNA Analysis
Gonads were collected and homogenized in TRIzol reagent (Invitrogen). This homogenate was used for both RNA and DNA analysis. The extraction of genomic DNA, total RNA, and first-strand cDNA was performed according to the manufacturer's protocol. Total RNA extracted from the gonad of the representative fish was reverse transcribed to the first-strand cDNA using Superscript III (Invitrogen) with oligo (dT)12-18 primers (Promega). This firststrand cDNA was used for RT-PCR and quantitative real-time PCR analyses. GenBank accession no. EU496493), lhcgr (luteinizing hormone/choriogonadotropin receptor; GenBank accession no. AY596169), fshr (GenBank accession no. 598753), star (steroidogenic acute regulatory protein; GenBank accession no. AY870248), cyp11a1 (P450 side-chain cleavage enzyme; GenBank accession no. AY870246), cyp11b2 (11 beta-hydroxylase; GenBank accession no. EF423618), cyp19a1a (P450 aromatase gonad form; GenBank accession no. AY273211), vasa (GenBank accession no. JX483713), and figla (factors in germline alpha; GenBank accession no. EU496494) were previously described and are listed in Table 1 . The number of PCR cycles was first tested and was in the range of the linear curve for the relationship between the number of cycles and the amount of PCR product. As an internal control, glyceraldehyde-3-phosphate dehydrogenase (gapdh; GenBank accession no. DQ399798) was used. Gene quantification of standards, samples, and controls was conducted simultaneously by quantitative PCR (qPCR) (GeneAmp 7500 Sequence Detection System; Applied Biosystems) with SYBR green Master Mix (Applied Biosystems). The PCR specificity was confirmed by a single melting curve (at the same temperature) in unknown samples and standards. The respective standard curve of log (transcript concentrations) versus CT (the calculated fractional cycle number at which the PCR-fluorescence product is detectable above a threshold) was obtained. The values detected from different amounts of plasmid DNA contained the fragment of the target gene (10 times serial dilution) in the representative samples in parallel with the respective standard curve. The correlations of the standard curve for gene analyses were at least À0.999. The qPCR assay was conducted with duplicate repeats in each sample. All samples were normalized to gapdh, and the highest value (control value) of each gene was defined as one. The gapdh transcripts were not significantly different between treatments (data not shown).
Sodium Bisulfite Sequencing
The immunoprecipitation of methylated DNA was carried out using the EZ DNA methylation Kit (ZYMO Research), following the manufacturer's instructions. Genomic DNA (1 lg) was subjected to sodium bisulfite treatment. Following standard protocols, the converted DNA is ideal for PCR amplification. Bisulfite-treated DNA-specific primers (forward: 5 0 -GAAGTGTGGATGTTTGGTGGAAAA-3 0 ; reverse: 5 0 -CCCACTTAAAA CATCCCCATTCA-3 0 ) for the cyp19a1a promoter were used. PCR conditions were as follows: 948C for 30 sec, 508C for 30 sec, and 728C for 30 sec for 40 cycles. The PCR products were sequenced using an ABI 3700 DNA Analyzer. The methylation levels (the percentage of putative CpG sites of the cyp19a1a promoter with methylation) and the degree of methylation (the percentage of methylated clone in all the clones; examined with 10-38 clones per fish) were calculated to express the DNA methylation. Three categories were used for the degree of methylation at the cyp19a1a promoter: hypomethylated (0%-20%), hemimethylated (21%-80%), and hypermethylated (81%-100%).
Methylated DNA Immunoprecipitation
The immunoprecipitation of methylated DNA was carried out using the EpiQuick Tissue Methylated DNA Immunoprecipitation Kit (Epigentek), following the manufacturer's instructions. Sample DNA was fragmented by sonication on ice until the size of most DNA fragments (as resolved using Cyber-green agarose gel electrophoresis) ranged between 200 and 500 bp (50 pulses of 3 sec at 20% power on a SONICS VibraCell VC 130PB probe sonicator [SONICS&MATERIALS Inc.], with 3-min rest intervals on ice between pulses). This fragmented DNA (1 lg) was immunoprecipitated (IP) by a specific anti-5-methylcytosine antibody. Anti-5-methylcytosine antibody was supplied by EpiQuick Tissue Methylated DNA Immunoprecipitation Kit. The antibody binding to the assay plate was 1 lg antibody per well (or 96-well plate). Immunoprecipitated DNA (bound to the antibody) was released from the antibody by proteinase K treatment (15 min, 658C), and the released DNA was purified using affinity chromatography. The recovery of DNA had a range between 24%-57%. Ten nanograms of IP DNA or input DNA was used to determine the cyp19a1a-specific DNA methylation. A specific primer set for the proximal region of cyp19a1a was used for qPCR (forward: 5 0 -TTTTGGGACCACTCAATTGTCA-3 0 ; reverse: 5 0 -ATTCACTGCTTTTC CACCAAACA-3 0 ). The methylated DNA density was calibrated as IP DNA/ Input DNA ¼ 2
.
Analysis of Lh Levels Using Radioimmunoassay
The Lh levels were measured by a homologous radioimmunoassay using purified black porgy Lh as a standard and anti-black porgy beta-Lh serum as an antibody as previously reported [16] .
Data Analysis
The data are expressed as the mean 6 SD. The values were subjected to analysis by one-way ANOVA followed by a Student-Newman-Keuls multiple test, with P , 0.05 indicating a significant difference. Student t-test was also conducted to determine significant differences (P , 0.05) between treatments. 
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RESULTS
Stable Male Phase and an Unstable Female Phase in Fish Younger than 2 Yr Old
The schematic diagram in Figure 1 demonstrates gonadal development under different conditions, including development with age, during and following E2 treatment, and following the removal of the testis (testis-removed fish). Based on anatomical and histological characteristics, a previous study classified these fish into 10 different stages [32] . In the first two reproductive cycles (fish younger than 2 yr old), all fish entered the male phase at spawning season (Fig. 1A) . However, the fish displayed a female phase during the postspawning season (status 6, ovary development and testis regression) and the nonspawning season (status 7, developed ovary with a regressed testis) (Fig. 1A) . The sexual phase switched from male to female during the nonspawning season (status 8, testis development and ovary regression) and then the regenerated testis entered puberty (status 4, spermatogenesis) during the prespawning season and maturation (status 5) during the spawning season (Fig. 1A) . Conversely, approximately 50% of the fish entered the female phase in the third reproductive cycle (fish older than 2 yr old) (Fig. 1B) . In the sex-changed fish, the fish remained in the female phase (status 7) during the nonspawning season, then entered puberty (status 9, vitellogenesis) during the prespawning season, and subsequently became mature (status 10) during the spawning season (Fig.  1B) . Precocious females (those with vitellogenic oocytes) were observed in fish populations younger than 2 yr old, and these were found to be fish that had an ovary but no testis (the testis was removed via surgery at status 6 or status 7) (Fig. 1B) . However, after long-term (longer than 3 mo) E2 administration, there were no precocious females in the population of fish that was younger than 2 yr old (Fig. 1C) . Even in fish with a well-developed ovary (but at the primary oocyte stage), the sexual phase was altered from female to male after E2 treatment was withdrawn (Fig. 1C) . Thus, the gonadal stage in the black porgy is divided into three different sexual categories, including maleness, femaleness (natural sex-changed fish and testis-removed fish), and induced femaleness (E2-treated fish).
Sexual Phase Alternation Is Associated with Changes in Gonadotropin Signaling in the Testis but Not in the Ovary
In this study, we first evaluated the role of gonadotropins in digonic gonads during sexual phase alternation. Quantitative PCR analysis was used to determine the expression levels of lhcgr and fshr in the testis and ovary during the second reproductive cycle (maleness) (Fig. 2) . During sexual phase alternation (from status 7 to status 8), both lhcgr and fshr expression increased significantly in the testis from August to September (nonspawning season) and then returned to lower levels from December (prespawning season) to January (spawning season) (Fig. 2) . Higher lhcgr and fshr expression was observed in the testis than in the ovary from August to September (nonspawning season) during sexual phase alternation (Fig. 2) . Conversely, no change was observed in lhcgr or fshr in ovaries during the second reproductive cycle (maleness) (Fig. 2) . These data revealed that testis regeneration (sexual phase alteration from induced femaleness to maleness) was correlated with gonadotropins signaling. However, these data do not exclude that the size of the testes may contribute to the changes in the testicular lhcgr and fshr expression.
To investigate the relationship between sexual phase and the presence of testes, we surgically removed the testicular portion of the digonic gonad in April (postspawning season, status 6).
Radioimmunoassay analysis was used to determine the plasma levels of Lh in the testis-removed fish (n ¼ 3) and the sham fish (n ¼ 4) (Supplemental Fig. S1 ; Supplemental Data are available online at www.biolreprod.org). No change was observed in plasma Lh levels in the ovaries of the sham fish during the experiment (Fig. 3A) . However, peak plasma Lh levels were observed at 8 mo after the surgery (December, prespawning season) in the testis-removed fish compared with the sham fish (Fig. 3A) . At 1 and 5 mo after surgery, no changes were observed in ovarian lhcgr and fshr expression between the testis-removed fish and the sham fish (Fig. 3, B and C) . At 8 mo after surgery (December, prespawning season), ovarian lhcgr and fshr levels were significantly higher in the testisremoved fish (female function) than in the sham fish (male function) (Fig. 3, B and C) . These data suggest that the testicular portion of the gonad is required to repress ovarian
Relative gene expression of gonadal gthrs in the second reproductive cycle. The relative expression of lhcgr and fshr was analyzed (n ¼ 5-10 in each collecting periods). Relative difference among different periods was normalized with gapdh, and the highest value of each gene was defined as 100%. Small and capital letters indicate significant differences (P , 0.05) among various periods for the testis and ovary, respectively. The gonadal status was the same as defined in Figure 1 .
development. The present data provide further support for the results of our previous studies [7, 34] in which we showed that the testis is an important contributor to sexual phase decisions and that its functions are mediated by the gonadotropinsstimulating expression of testicular dmrt1 (Dmrt1 is a key factor during testis development in black porgy [34] ).
Gonadotropins Do Not Stimulate Steroidogenesis-Related Gene Expression in the Ovary in Testis Removal Induced Female Fish
To determine the role of gonadotropins in both sexes (maleness and femaleness), hCG was injected (muscular injection) into sham fish (with a digonic gonad and maleness) and testis-removed fish (femaleness). At 1 mo after surgery, hCG (1 IU/g body weight) was injected on Days 0, 3, and 6, and fish tissues were collected on Day 7. Quantitative PCR analysis revealed that testicular star and cyp11a1 expression was significantly higher in the hCG-treated fish than in the saline-treated fish (Supplemental Fig. S2A) . No difference was observed in cyp11b2 expression in the testes between these groups (Supplemental Fig. S2A ). In the ovary, star expression was stimulated by hCG treatment in the sham fish but not in the testis-removed fish (Supplemental Fig. S2B ). Ovarian star expression was significantly higher in the testis-removed fish than in the sham fish at 1 mo after surgery (Supplemental Fig.  S2B ). In the ovaries, no difference was observed in cyp11a1 and cyp19a1a expression between the testis-removed fish and the sham group fish (Supplemental Fig. S2B ). These data showed that gonadotropins do not stimulate steroidogenesisrelated gene expression in testis removed-induced females. The removal of the testicular portion of the gonad resulted in the upregulation of star expression independently of hCG treatment. Our data therefore suggest that the female phase is a gonadotropin-independent regulatory pathway.
The cyp19a1a Promoter Shows Tissue-Specific Methylation Patterns
In the present study, gonadotropins did not stimulate cyp19a1a expression in fish with the different ovarian statuses (Supplemental Fig. S2B ). The sf-1 and foxl2 are transcriptional activators of the cyp19a1a gene in fish [23, 35] . We next analyzed the expression of cyp19a1a and its putative regulators, including nr5a1a (homolog of sf-1) and foxl2 in .1-yr-old fish (status 7). Gene (nr5a1a, foxl2, and cyp19a1a) expression levels were detected using RT-PCR in the hypothalamus, liver, testis, and ovary (Fig. 4A) . In tissues other than ovaries, the absence or low expression of cyp19a1a was observed in the hypothalamus, liver, and testis (Fig. 4A ). Higher foxl2 expression was observed in the ovaries than in other tissues (Fig. 4A) . Conversely, nr5a1a expression was lower in the ovary than in other tissues (Fig. 4A) . These data indicate that cyp19a1a expression is not only stimulated by transcriptional activators but is also regulated epigenetically.
The cyp19a1a promoter is not located within CpG islands according to a Web site analysis tool [36] . A CpG island was defined as a region of DNA greater than 100 bp in length with a G þ C content .50% and an observed CpG/expected CpG ratio that is .60% (Supplemental Fig. S3 ). The schematic diagram in Figure 4B shows the locations (for a representative fish with gonadal status 7) of the 20 CpG sites in the cyp19a1a promoter. These CpG sites were not distributed equally, and they formed a cluster (12 CpGs) in the proximal region of the cyp19a1a promoter. Furthermore, the putative transcription factor-binding sites in the promoter were predicted using the PROMO Web site [37] . We identified one steroidogenic factor 1 (sf-1)/adrenal 4 (ad4bp) binding site (5 0 -YCAAGGYCR-3 0 ), and one cAMP-response element (cre; 5 0 -CGTCA-3 0 ) binding site in the proximal region (cluster) of the cyp19a1a promoter, and one foxl2 binding site (5 0 -RYYMAAYA-3 0 ) and two half estrogen-response elements (ere; 5 0 -GGTCA-3 0 ) in the middle region of the cyp19a1a promoter (Fig. 4B and Supplemental   FIG. 3 . Plasma Lh levels and relative gene expression pattern after the testis was removed by surgery. In .1-yr-old fish, surgery was performed at gonadal status 6 (regressing testes with active ovary) in April. The gonads were collected in May (1 mo after surgery; 10 sham fish at status 6, and seven testisremoved fish at status 6), September (5 mo after surgery; five sham fish at status 7, and seven testis-removed fish at status 7), and December (8 mo after surgery; five sham fish at status 4, and three testis-removed fish at status 9). Nine months (January of the next year) following surgery, 100% males were observed in the sham fish compared with 100% female in the testis-removed fish. A) Plasma Lh levels in the sham fish and the testis-removed fish. The relative expression of lhcgr (B) and fshr (C) was analyzed. Relative differences between the sham fish and the testis-removed fish were normalized with gapdh, and the highest value of each gene was defined as 100%. Small and capital letters indicate significant differences (P , 0.05) for the sham fish and the testis-removed fish, respectively. Asterisks indicate significant differences (P , 0.05) between the sham fish and the testis-removed fish. S, status. The gonadal status was the same as defined in Figure 1 . Fig. S3 ). To evaluate the DNA methylation status of the cluster of the cyp19a1a promoter, we performed sodium bisulfite sequencing in different tissues. Twelve CpG sites with the proximal region (cluster) of the cyp19a1a promoter were analyzed (Supplemental Fig. S4 ). Lower methylation levels were observed in the cyp19a1a promoter (cluster) in the ovary than in the hypothalamus, liver, and testis (Table 2 , Fig. 4C , and Supplemental Fig. S4) . Combined with the similar methylation levels of the cyp19a1a promoter that were observed in the liver and testis, the higher foxl2 and nr5a1a expression levels in the liver were not correlated with higher cyp19a1a expression that was observed in the testis (Fig. 4, A  and C) . In addition to the differences in methylation levels that were observed in the cyp19a1a promoter in different tissues, the relative number of hypomethylated (,20%) clones was higher in the ovary, and no or few hypomethylated clones were observed in the hypothalamus, liver, and testis (Fig. 4D) . These data suggest that the DNA methylation of the cyp19a1a promoter may play an important role in controlling its tissueand lineage-specific expression.
Lineage-Specific DNA Methylation in Follicle Cells
In the black porgy, cyp19a1a/Cyp19a1a was expressed in the follicle cells and small ectopic oocytes (oocyte diameter ,20 lm) [38, 39] . To determine the precise methylation status of cyp19a1a in cyp19a1a-expressing (follicle) cells in fish under the different ovarian status conditions, we compared the methylation status of the cyp19a1a promoter in adhesive cells and suspension cells using sodium bisulfite sequencing. According to the qPCR data, both vasa (germ cell marker) and figla (oocyte-specific marker) expression levels were higher in suspension cells than in the adhesive cells (Supplemental Fig. S5A ). Compared with the suspension cells, high foxl2 expression level was observed in the adhesive cells (Supplemental Fig. S5A ). However, no difference in cyp19a1a expression was observed between the adhesive cells and the suspension cells (Supplemental Fig. S5A ). These data reveal that adhesive cells are associated with follicle cells and that suspension cells are associated with oocytes.
According to the results of sodium bisulfite sequencing data, there were no differences in the methylation levels of the cyp19a1a promoter between suspension cells (29.2%) and adhesive cells (29.2%) (Supplemental Fig. S5, B and C) . A wide variety of methylation patterns were observed in the clones of the suspension cells (Supplemental Fig. S5B ). Conversely, dimorphic methylation patterns (hypomethylated and hypermethylated clones) were observed in the adhesive cells (Supplemental Fig. S5C ). These data showed that suspension cells (putative oocytes) displayed a wide variety of methylation patterns of the cyp19a1a promoter. Conversely, adhesive cells (putative follicle cells) displayed two dimorphic methylation patterns at the cyp19a1a promoter. Taken together, these results indicate that cyp19a1a expression is regulated not only by the methylation of the promoter but also by other transcription factors as well.
The DNA Methylation Levels of the cyp19a1a Promoter in the Ovary Are Associated with the Natural Sex Change Events To determine the relationship between the methylation levels of the cyp19a1a promoter and the sexual phase decisions (sex change), we performed unilateral orchiectomies to collect one of the bilateral gonads at status 7 (from July to September, n ¼ 39) from .2-yr-old fish (approximately 50% of the fish underwent a sex change) and we then chip labeled the fish to determine their sexual phase (male or female function) in the third spawning season. A methylated DNA precipitation assay showed that there was no difference in the methylation density of the cyp19a1a promoter at status 7 between the male and female fish (Fig. 5A) . Quantitative PCR also showed no difference in cyp19a1a expression at status 7 between the male (M-to-M) and female fish (M-to-F) (Fig. 5B) . The expression   FIG. 4 . Tissue-specific DNA methylation in the cyp19a1a promoter. One fish at status 7 (.1-yr-old maleness fish) was used for the gene expression profiles and methylation level of cyp19a1a promoter in different tissues. A) Relative gene (nr5a1a, foxl2, and cyp19a1a) expression profiles in the hypothalamus, liver, testis, and ovary at gonadal status 7 in .1-yr-old fish. Semiquantitative PCR analysis was normalized with gapdh. B) The schematic diagram of CpG sites and putative cis-acting elements in the 5 0 -flanking region of the cyp19a1a genes in the black porgy (Supplemental Fig. S3 ). C) The methylation levels in various tissues (hypothalamus, liver, testis, ovary) are shown. Fifteen clones per tissue were analyzed (Supplemental Fig. S4 ). The average methylation levels were calculated specifically for all clones. D) The relative numbers (%) of hypomethylated clones (0%-20%) of cyp19a1a promoters was shown in different tissues of the representative fish (gonadal status 7). The relative number of hypomethylated clones in the hypothalamus and liver were 0%. Different letters indicate significant differences among the samples (P ,0.05). The gonadal status was the same as defined in Figure 1 .
DECREASED METHYLATION OF cyp19a1a IN SEX CHANGE of cyp19a1a was significantly increased at status 9 (vitellogenesis), and it showed a peak at status 10 (mature) (Fig. 5B) . According to the results of sodium bisulfite sequencing data (Supplemental Fig. S6) , the methylation levels of the cyp19a1a promoter were not different between status 7 (M-to-M), status 7 (M-to-F), status 9, and status 10 (Fig. 5C) . Conversely, the relative numbers of hypomethylated (,20%) clones progressively increased during natural sex change (Fig. 5D ).
Testis Excision Can Decrease the Methylation Levels of the cyp19a1a Promoter in Ovaries
To determine the methylation patterns of the cyp19a1a promoter in females, we surgically removed the testicular portion of the digonic gonad at status 7 in .1-yr-old fish (100% of the fish had male function during the spawning season of their second reproductive cycle) and the testisremoved fish that entered femaleness during their second reproductive cycle. At 1 mo after testis removal, the ovarian stage was still at the primary oocyte stage (status 7) similar to what was observed in the control group. According to the results of sodium bisulfite sequencing (Fig. 6A) , the methylation levels of the cyp19a1a promoter were significantly lower in ovaries at 1 mo after surgery in the testis-removed fish than in the sham fish (Fig. 6B) . Moreover, significantly higher numbers of hypomethylated (0%-20%) clones and significantly lower numbers of hemimethylated (21%-80%) clones were observed in the testis-removed fish than in the sham fish (Fig.  6, A and C) . Conversely, the relative number of hypermethylated (81%-100%) clones was constant in both groups (Fig. 6, A and C) . The relative level of ovarian cyp19a1a expression was similar between the testis-removed fish and controls (100% 6 34.7% vs. 88% 6 26.2%). These data suggest that in the ovary, lower levels of methylation (e.g., hypomethylated clones) at the cyp19a1a promoter are associated with the absence of testicular tissue.
Exogenous E2 Increases the Methylation Levels of the cyp19a1a Promoter in Ovaries
E2-induced ovarian development (induced femaleness) was a transient status, and this sexual phase reverted from female back to male after E2 was withdrawn during the first two reproductive cycles. To further determine the pattern of methylation of the cyp19a1a promoter during femaleness, we treated fish with exogenous E2 to stimulate ovarian growth and the regression of testis at status 6. After 3 mo of E2 treatment, dominant ovarian tissue and a regressed testicular tissue were observed (status 7). According to the results of sodium bisulfite sequencing (Fig. 7A) , there was no difference in methylation levels of the cyp19a1a promoter between the control fish and the E2-fed fish (Fig. 7, A and B) . However, significantly higher numbers of hypermethylated (81%-100%) clones and significantly lower numbers of hemimethylated (21%-80%) clones were observed in the E2-fed fish than in the control fish (Fig. 7,  A and C) . The relative numbers of hypomethylated (0%-20%) clones were constant between the control fish and the E2-fed fish (Fig. 7, A and C) . The relative ovarian expression of cyp19a1a was similar between E2-fed and control fish (100% 6 17.6% vs. 101% 6 17%). These data confirmed that a low methylation level (hypomethylated clones) of the cyp19a1a promoter in the ovary is associated with the absence of testicular tissue but not with E2 levels. The data also suggest that ovarian cyp19a1a remains repressed even in the presence of E2.
DISCUSSION
This study focused on determining the mechanism by which black porgy maintains the male phase at a young age (,2-yrold). We suggest that the testes may inhibit the advancement of female growth (e.g., entering puberty) by inducing epigenetic modifications (e.g., lower methylation levels of the cyp19a1a promoter) in the ovary.
The Role of Gonadotropins in Sexual Phase Decision
The present study showed that gthrs expression in the testis significantly increased as the sexual phase changed from the female phase (dominant ovary with a regressed testis) to the male phase (a regressed ovary with growing testis) during the nonspawning season. However, plasma Lh levels remained constant during sexual phase alternation from the female phase to the male phase. Our present study and previous results show that in the testis gonadotropins can stimulate dmrt1 and steroidogenic-related gene expression both in vivo and in vitro [32, 34] . Conversely, in the ovary, gthrs expression was not associated with ovarian growth during maleness (e.g., from the female phase to the male phase) or femaleness (e.g., induced by the removal of testis-induced ovary development) in the black porgy (Fig. 2) . Furthermore, lower plasma Lh levels were correlated with natural sex change in black porgy [16] .
These data confirmed the findings reported in our previous work, which showed that sex changes (sexual phase alternation) are determined by the growth or degeneration of the testis, which is itself regulated by gonadotropin signaling in protandrous black porgy. Similar patterns were also observed in the protogynous grouper [11] , the rice field eel [13] , and the wrasse [10] , in which gonadotropin treatment induced femaleto-male sex change (testis growth). Taken together, these results suggest that testis development in sex-changing fish is constantly regulated by gonadotropin signaling.
Advanced Ovaries Were Not Stimulated by Exogenous E2
The results of the present study and previous studies indicate that gonadotropins do not stimulate cyp19a1a expression or Cyp19a1a enzyme activity [16] . Cyp19a is a key enzyme during E2 synthesis, and E2 is thought to be important for ovary development [40] . In the black porgy, higher plasma E2 levels and cyp19a1a expression in the ovary are correlated with natural sex change processes [28, 31] . Furthermore, Cyp19a1a activity was blocked by aromatase inhibitor (AI), resulting in a population that was 100% male in the third spawning season A) The levels of DNA methylation at the cyp19a1a promoter in the ovary between maleness and femaleness. We conducted unilateral orchiectomies to collect one of the bilateral gonads at status 7 (from July to September, n ¼ 39) in .2-yr-old fish and then chip labeled the fish to trace their sexual phase (maleness or femaleness) during the third reproductive cycle. Thus, the sexual phase of each individual was identified at status 7 during the nonspawning season (July to September). The gonads were collected in July (two male and nine female), August (seven male and nine female), and September (six male and six female) for histological and genetic analyses. The methylation levels were determined using methylated DNA precipitation assays and analyzed by qPCR. B) The relative expression (%) of cyp19a1a was analyzed (n ¼ 6 in each status). Relative differences between the different statuses were normalized with gapdh, and the highest value of cyp19a1a was defined as 100%. C) The methylation levels in sex-changing fish were shown. Clones (21-38 clones per fish) for different gonadal status were analyzed (Supplemental Fig. S6 ). Average methylation levels were calculated specifically for all clones. D) The relative clone number (%) of hypomethylated (0%-20%) cyp19a1a promoter in fish ovary with different gonadal status (from status 7 to status 10 for a respective fish). Small letters indicate significant differences (P , 0.05) among fish samples. The gonadal status was the same as defined in Figure 1 . M-to-M: male-to-male; M-to-F: male-to-female sex change.
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(the control fish were 50% male and 50% female) [41] . However, in black porgy younger than 2 yr old, E2-induced female development was maintained during E2 treatment and then the sex was reversed from female to male after E2 treatments were terminated. Conversely, precocious female functions were observed in testis-removed black porgy that were younger than 2 yr old. A similar pattern was also observed in the protogynous grouper, in which 17alpha-methyltestoster- A) The methylation patterns (13-18 clones) of the cyp19a1a promoter from three representative fish for each sexual phase (maleness and femaleness) at gonadal status 7 were shown. Open and filled circles denote unmethylated or methylated positions, respectively. B) The average methylation levels were calculated specifically for all the clones in the sham fish and the testis-removed fish (n ¼ 3 fish for each group). C) The degree of methylation (0%-20%, 21%-80%, 81%-100%) in the sham fish and the testis-removed fish (n ¼ 3 fish per group) are shown. Asterisks indicate significant differences (P , 0.05) between the sham fish and the testis-removed fish. The gonadal status was the same as defined in Figure 1 .
one (MT)/AI-induced male development was maintained during MT/AI treatment and the sex was then reversed from male to female after MT/AI treatment was terminated [6, 42] . These results reveal that femaleness in the black porgy is regulated not only by cyp19a1a expression/E2 levels but also by other internal cues (e.g., age and the presence of the testis).
DNA Methylation Directly Silences cyp19a1a Expression
In the present study, we observed that tissue-specific cyp19a1a expression in the black porgy is strongly correlated with DNA methylation levels, but there was no relationship between the levels of expression of putative transcription activators (including nr5a1a and foxl2) in different tissues. The cyp19a1a expression was inversely correlated with methylation levels. A lower percentage of promoters are methylated in the ovary than in the testis in chickens [21] , turtles [22] , and fish (European sea bass [23] ; Japanese flounder [43] ; rice field eel [44] . Furthermore, in European sea bass [23] and rice field eels [44] , an increased level of methylation of the cyp19a1a promoter blocked sf-1-and foxl2-stimulated cyp19a1a expression in vitro. These results indicate that hypermethylated FIG. 7 . No change of DNA methylation patterns after long-term E2 treatment. A) The methylation patterns (10-13 clones per fish) of the cyp19a1a promoter from three representative fish for both control fish and E2-treated groups (fish gonadal status 7) are shown. Open and filled circles denote unmethylated or methylated positions, respectively. B) The average methylation levels were calculated specifically for each clone in the control fish and the E2-treated fish (n ¼ 3 fish per group). C) The degree of methylation (0%-20%, 21%-80%, 81%-100%) in the sham fish and the testis-removed fish (n ¼ 3 fish per group) are shown. Asterisks indicate significant differences (P , 0.05) between the control fish and the E2-treated fish. The gonadal status was the same as defined in Figure 1 .
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cyp19a1a promoter could directly result in the silencing of cyp19a1a expression.
Epigenetic Modification of cyp19a1a is a Molecular Marker of Gene Silencing Memory
In this study, we showed that the relative number of hypomethylated cyp19a1a promoters progressively increased during natural sex change from primary oocytes to mature eggs. A similar pattern was also observed in the protogynous rice field eel during male-to-female sex change [44] . However, our study showed that the level of DNA methylation of the cyp19a1a promoter during the nonspawning season was not correlated with the sexual phase (e.g., male function or female function) in each individual during the spawning season. Furthermore, these data reveal that adhesive cells (putative somatic cells) display a simple methylation pattern (0%-20% or 81%-100%) at the cyp19a1a promoter, whereas suspension cells (oocytes with somatic cells) display a variety of patterns (0%-100%). Taken together, these data indicate that the progressively decreased DNA methylation of the cyp19a1a promoter may correlate with the relative numbers of cell types in the ovary.
The present study shows that the methylation of the cyp19a1a promoter was significantly decreased in the ovary after the testis was removed from the digonic gonad by surgery, which results in the fish changing sex (from maleness to femaleness). However, the methylation of the cyp19a1a promoter did not change after long-term E2 administration and these fish displayed induced femaleness, after which the testis regenerated when E2 administration was terminated in black porgy younger than 2 yr old. Furthermore, in the third reproductive cycle, the DNA methylation of the cyp19a1a promoter in the nonspawning season was not correlated with the sexual phase (either male function or female function) of each individual during the spawning season. These data revealed that the decreased level of methylation of the cyp19a1a promoter was correlated with the absence of testes tissue in the digonic gonad but not correlated with the sexual phase. In the European eel, the DNA methylation level of cyp19a was higher in contaminated fish than in fish from clean river sites [25] . In the European sea bass, the level of methylation of the cyp19a1a promoter was found to reduce the expression of cyp19a1a in temperature-masculinized fish [23] . However, the level of methylation of the cyp19a1a promoter in the gonad was influenced by the temperature but not by E2 treatment in the European sea bass [23] . Taken together, these data indicate that epigenetic regulatory signals are different between these species (e.g., E2-dependent in the European eel and E2-independent in the European sea bass and black porgy). In the black porgy, a high level of methylation at the cyp19a1a promoter in the ovary was the primary predicator of whether the testis of the digonic gonad is developed or degenerated.
Removal of Testicular Tissue Induced the Activation and Development of Ovarian Tissue
The removal of the testicular portion resulted in a series of activation processes in ovarian tissue that varied according to the time course. Our studies have shown that the removal of the testicular portion induced the expressions of ovarian star (at 1 mo after surgery in the present study), increased oocyte diameters (at 4 mo after surgery [45] ), increased ovarian lhcgr and fshr expression (at 8 mo after surgery in the present study), and then later induced the appearance of advanced vitellogenic oocytes and sex change (at 8-9 mo after surgery in the present study and a previous study [30] ). The data in the presence study further demonstrated that the methylation of the cyp19a1a promoter in the ovary significantly decreased at 1 mo after the testicular portion was surgically removed from the digonic gonad. The removal of the testicular tissue in .1-yrold black porgy therefore activated ovarian tissues and induced a sex change (in comparison to the male fish in the control group) in both the present and previous studies [30, 45] . These data further suggest that the testicular portion is necessary for repressing ovarian development during the first two reproductive cycles in black porgy.
This study also demonstrated that the digonic gonad of black porgy is a useful model for studying the interaction between testicular and ovarian tissues. The present study demonstrated that the testicular portion controls ovarian cyp19a1a promoter methylation and represses the activation of ovarian development in black porgy. Conversely, our previous study showed that ectopic oocytes appeared in the testicular tissue in E2-induced black porgy [38] . The prolonged expression of fig1a/Fig1a in the ectopic oocytes altered the fate of surrounding cells from the Sertoli cells to follicle cells [38] . The accumulation of testicular Amh suppressed the proliferation of spermatogonia and furthermore formed a physical boundary that inhibited the expansion of ectopic oocytes in the testicular tissue [39] . Taken together, these results suggest that testicular factors not only suppress the ovarian development through tissue-to-tissue regulation (e.g., the level of methylation of cyp19a1a promoter) but also by inhibiting female expansion by affecting cell-to-cell regulatory processes (e.g., Amh signaling).
A Potential Role for Epigenetic Modifications in the Ovary in Black Porgy
Our novel findings suggest that in the ovary, high levels of methylation at the cyp19a1a promoter may serve as a prohibiting factor that combats advanced ovary development and maintenance at the primary oocyte stage. Our data further suggest that E2 does not alter the methylation levels of the cyp19a1a promoter, E2-administered fish therefore express low levels of cyp19a1a expression in the ovary, and the fish reverts from female back to male after E2 is withdrawn. Therefore, our data could explain why black porgy have a stable male phase in fish younger than 2 yr old. Furthermore, our data suggest that the factor that prohibits the female phase (e.g., a high level of methylation at the cyp19a1a promoter) is decreased after the testis are removed from the digonic gonad. These data suggest that testis development plays a critical role in sexual phase decisions in the digonic gonad of the black porgy [7] .
